Abstract: A theoretical model is evaluated to investigate the characteristics of InAs/InP quantum dash (Qdash) lasers as a function of the stack number. The model is based on multimode carrier-photon rate equations and accounts for both inhomogeneous and homogeneous broadenings of the optical gain. The numerical results show a non monotonic increase in the threshold current density and a red shift in the lasing wavelength on increasing the stack number, which agrees well with reported experimental results. This observation may partly be attributed to an increase of inhomogeneity in the active region. 
Introduction
Tuning the emission wavelength of Qdash and quantum dot (Qdot) lasers depends primarily on the size of the nano structures and particularly the height [1, 2] . This feature together with the InP technology and various process techniques has enabled the demonstration of Qdash/Qdot lasers in the c-band telecommunication window with improved performances [3, 4] . On the other hand, recent experimental studies on InAs/InP Qdash lasers by different research groups have reported the dependence of the lasing wavelength on laser structural parameters [5] [6] [7] . They have observed a red shift in the lasing wavelength on increasing the number of stack layers or the cavity length. This observation is ascribed to the unique characteristics of Qdashes determined by their density of states (DOS), in general [5, 7] . However, the phenomenon needs more physical insight, particularly the stacking layer effect as this is a fundamental technique to improve the characteristics of Qdash lasers. Therefore, a theoretical assessment is essential to understand the phenomenon in a more comprehensive manner. In addition, one may expect this observation as a result of alteration to other laser parameters that change with the stack number. Our results are important as this is directly related to the spectral characteristics and, in general, the performance characteristics of the device.
In this work, a simulation model is considered to compare the characteristics of InAs/InP Qdash lasers as a function of the number of stacking layers. We theoretically verify the red shift in the central lasing wavelength (calculated by identifying the central wavelength at full width at half maximum (FWHM) of the lasing spectra) and non monotonic increase in the threshold current density on increasing the stack number. The numerical simulations show a good agreement with experimental observations. By the simulations we find that the phenomenon is partly due to the inherent change in the laser parameters particularly the active region inhomogeneity.
Theoretical model
The numerical model, applicable to InAs/InP Qdash lasers, is evaluated from the basic coupled rate equations of each Qdash ensemble incorporating the carrier and photon dynamics at each energy level. The technique is based on the density matrix formulation of the Qdash gain media [8, 9] where the quantum wire like nature has a large influence on the gain properties of the laser [10] . The formulation is similar to the one reported for the analysis of both InGaAs/GaAs [11] and InAs/InP [12, 13] 
The first term of Eq. (1) 
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Equations (2), (3) and (4) refer to the carrier dynamics in the SCH, WL and dash GS energy levels. I is the current injection, 
is the carrier relaxation lifetime from SCH(WL) to WL(GS) with the bar denoting an average lifetime [11, 14]  are the lifetimes of spontaneous emission and photons, respectively [11] . Note that DW  is calculated through the condition of detailed balance [14] and p  according to [11] . The multi-mode photon rate equation is given by Eq. (5) 
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represents the linear optical gain [8, 9] 
is the carrier occupational probability (including the spin) [11, 14] . The Qdash laser considered for the analysis is obtained from [15] and is based on the InAs/InP material system. Four stacks of InAs Qdashes with an average height of 1.5 nm and width of 20 nm constitutes the active region with volume Figure 1 illustrates the effect of the number of stacking layers ( lyr N ) on the threshold current density ( th J ) of Qdash lasers. The experimental data is obtained from [5, 6] and is plotted in Fig. 1(a) for comparison. Figure 1(b) corresponds to the simulation results at various values of the inhomogeneous broadening ( inh  ). A non monotonic increase in the threshold current density is observed on increasing the stack number, which is in good agreement with the experimental data except that the threshold current density values are different in Figs. 1(a) and (b). This is an anticipated discrepancy owing to the fact that the two laser structures considered are rather different. Our aim here is to numerically address the trend of th J and the central lasing wavelength ( c  ) as a function of the number of stacking layers and explain the behavior qualitatively. Therefore, we model the dash DOS high energy tail by a stair case approximation utilizing Eq. (1) with N = 50 rather than calculating the accurate energy states of the Qdashes. An almost linear increase in th J is seen when 2 lyr N  as show in Fig. 1(b) , at all inhomogeneity values. This may be attributed to the active region volume A V , the optical confinement factor  , and the inhomogeneous broadening. Increase in A V due to stacking of the dash layers may enhance internal absorptions, thus affecting the threshold current density. On the other hand, a lower  (due to increase in A V as a result of increase in lyr N ) probably assists in attaining the modal gain ( th g  ) relatively fast, thereby decreasing the threshold current density [6, 16] . However, the results show an increase in th J for 2 lyr N  which suggests that A V dominates. Moreover, increase in th J could be due to an increase in modal gain as a result of stacking of the dash layers which has been reported experimentally [1, 5, 16] . Nevertheless, our model considers a fixed modal gain ( This observation is relatively consistent with the results from literature that are based on Qdot model [18] since Qdashes may be thought of an elongated Qdots with quasi zero dimensional DOS. Here, we make an effort to explain this observation qualitatively in a generalized manner. Increase in th J may be ascribed to the increase in size dispersion of the dashes, particularly the height, which possibly increases the internal absorptions (due to dispersion in energy states of dashes resulting in overlapping states). Higher energy photons from smaller dashes which acquire lasing conditions first (due to their dot like features) get absorbed by the longer dashes (with relatively smaller band transition energies) which eventually dominate due to their higher modal gain and DOS.
Numerical results
For a Qdash laser with a single stack layer, no lasing is observed experimentally and th J reaches an infinite value, as depicted in Fig. 1(a) . This has been attributed to the very small  and low dash density [5] . However, the numerical results show that besides the above mentioned parameters inh  strongly affects the lasing condition and is an important parameter when 2 lyr N  . In Fig. 1(b 
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A cm ). This observation may again be ascribed to reduced internal absorptions due to relatively similar energy states of dashes in the less inhomogeneous system, thus being able to attain lasing from the low density single dash layer with small  . Our model also predicts a minimum of th J for the two and three layer stack structures irrespective of the active region inhomogeneity values. This supports the experimental observation of Fig. 1(a) and also the numerical study of the Qdots [18] . In general, based on our observation we may write a
